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ABSTRACT 


Ulysses magnetic and plasma data are used to study hourly-scale Alfvénic fluctuations in the solar 
polar wind. The calculated energy ratio An. (cal) of inward to outward Alfvén waves is obtained from 
the observed Walén slope through an analytical expression, and the observed R? (obs) is based on a 
direct decomposition of original Alfvénic fluctuations into outward- and inward-propagating Alfvén 
waves. The radial variation of R? 4 (cal) shows a monotonically increasing trend with heliocentric 
distance r, implying the increasing local generation or contribution of inward Alfvén waves. The 
contribution is also shown by the radial increase in the occurrence of dominant inward fluctuations. 
We further pointed out a higher occurrence (~ 83% of a day in average) of dominant outward 
Alfvénic fluctuations in the solar wind than previously estimated. Since RK (cal) is more accurate 
than R? (obs) in the measurement of the energy ratio for dominant outward fluctuations, the values 


of R? 4 (cal) in our results are likely more realistic in the solar wind than previously estimated and 
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than R? (obs) in our results. The duration ratio Rr of dominant inward to all Alfvénic fluctuations 
increases monotonically with r, and is about two or more times that from Voyager 2 observations 
at r 2 4 AU. Finally, from the variation trend in our results, a higher (lower) occurrence rate 
is expected at r « 1 AU (r » 4 AU) for dominant outward Alfvénic fluctuations, and opposite 
variations are expected for dominant inward fluctuations. Simultaneously, R2, (cal) and Rr will be 
expected to be smaller at r < 1 AU and larger at r > 4 AU. These results reveal new qualitative 
and quantitative features of Alfvénic fluctuations therein compared with previous studies and put 


constraints on modelling the variation of solar wind fluctuations. 
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1. INTRODUCTION 


Alfvén waves, as a type of magnetohydrodynamic wave in which ions oscillate in response to a 
restoring force provided by an effective tension on the magnetic field lines (Alfvén 1942), have been 
extensively investigated in the solar wind context (e.g., Belcher & Davis 1971; Yang & Chao 2013 
for a review) and have a significant contribution to the solar wind acceleration and coronal heating 
(e.g., van der Holst et al. 2014, and references therein). Impressive advances have been made in both 
relevant observations and the theory of Alfvén waves. 

Outward-propagating (away from the Sun) Alfvén waves are often observed in the solar wind since 
the end of 1960s (e.g., Belcher et al. 1969; Daily 1973; Burlaga & Turner 1976; Denskat & Neubauer 
1982; Riley et al. 1996), and inward-propagating (toward the Sun) ones are usually mentioned without 
providing specific observations. With the development of satellite technology providing higher time- 
resolution plasma and magnetic field data, both case and statistical studies clearly show the relatively 
rare existence of inward Alfvén waves at 1 AU and beyond (i.e., Belcher & Davis 1971; Roberts et al. 
1987a,b; Bavassano & Bruno 1989; Gosling et al. 2009, 2011; Wang et al. 2015; He et al. 2015; Li 
et al. 2016, etc). When the solar wind expands, both outward and inward Alfvén waves may meet 
each other, and the superposition of both waves can cause the subunity of Walén slope when Alfvénic 
fluctuations observed in the solar wind are assumed to be a mixture of both waves with opposite 
propagation directions in the wind plasma frame of reference (i.e., D’Amicis & Bruno 2015). This 
superposition model of inward and outward Alfvén waves is confirmed by the observational evidence 
from the Wind data (Yang et al. 2016). 

Owing to important contributions to the dynamics of the solar wind (Alazraki & Couturier 1971; 
Belcher 1971; Hollweg 1973a,b), it is necessary to study the Alfvén wave variation/evolution in the 
solar wind at various heliocentric distances (Belcher & Davis 1971; Hollweg 1974; Roberts et al. 
1987a). With increasing heliocentric distance away from the Sun, the Alfvén wave period was found 
to become shorter (Bruno et al. 1985), and that both the normalized cross helicity and the Alfvén 
ratio (i.e., the ratio of kinetic to magnetic energy of the fluctuation) decrease (e.g., Bavassano et al. 


1982; Matthaeus & Goldstein 1982; Bruno et al. 1985; Bruno & Dobrowolny 1986; Roberts et al. 
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1987b,a, 1990; Grappin et al. 1990; Marsch & Tu 1990; Matthaeus et al. 2004), implying an evolution 
toward a less purely Alfvénic state in the outer heliosphere. Such decreases may be caused by the 
gradual increase in the occurrence of inward-propagating Alfvén waves (Roberts et al. 1987a,b) and 
the radial expansion of the solar wind (Whang 1973; Hollweg 1974). Helios 1 and 2 observations 
show the agreement of the radial evolution of the wave amplitudes with saturated waves (i.e., with 
a constant energy density ratio of the wave to the background magnetic field) rather than with 
undamped ones (i.e., the wave energy is conserved) in 0.41-0.65 AU (Villante 1980). 

These results mentioned above show that the contribution of the Alfvén waves to the energetics of 
the solar wind may be greater than previously estimated. The presence of the two opposite direction 
waves could facilitate the development of nonlinear interactions (e.g., Dobrowolny et al. 1980) for 
the dynamical evolution of the MHD turbulence (Bruno & Carbone 2013) and be responsible for 
the decreases in the normalized cross helicity of Alfvénic fluctuations with increasing heliocentric 
distance (e.g., Matthaeus & Goldstein 1982; Roberts et al. 1987a,b; Grappin & Velli 1996; Bavassano 
et al. 2000a; Matthaeus et al. 2004). The interaction between both Alfvén waves is also believed to 
be an important source for solar wind plasma heating (van der Holst et al. 2014). 

For the first time, the Ulysses mission measured directly the solar wind plasma and field properties 
in the polar region, which are different from the low-latitude (or the ecliptic) solar wind flows (i.e., 
Horbury et al. 1995; Goldstein et al. 1995; Smith et al. 1995; Tsurutani et al. 1996; Smith et al. 
1997; McComas et al. 2000; Ebert et al. 2013). Its observations of Alfvénic fluctuations show that 
the wave properties in the polar wind seem to be determined mainly by the heliocentric distance 
rather than by the heliographic latitude (e.g., Goldstein et al. 1995; Horbury et al. 1995). With the 
solar heliocentric distance, the anisotropy of the magnetic fluctuations increases but the Alfvénicity 
decreases (Neugebauer 2004). A systematic study (Bavassano et al. 2000b) on the radial variation 
of outward- and inward-propagating Alfvénic fluctuations in the polar wind indicates that inside 
~ 2.5 AU, the outward-propagating fluctuations decrease faster than the inward ones but beyond ~ 
2.5 AU, the radial gradient of inward ones increase faster. This result implies different radial regimes 


of Alfvénic fluctuations at different distances, that is, the radial variation of Alfvénic fluctuations are 
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radially dependent. The features of dominant outward and dominant inward Alfvénic fluctuations 
put a constraint on modelling the wave/turbulence variation/evolution in the solar wind. 

Recently, we provided direct observational evidence that the superposition of inward- and outward- 
propagating Alfvén waves can cause the subunity of Walén slope, and obtain an analytical relation 
between the Walén slope and the amplitude ratio of inward to outward waves (Yang et al. 2016). The 
Walén slope is obtained using the CHYL method (Chao et al. 2014), which can better quantitatively 
estimate the Walén slope of Alfvénic fluctuations in the solar wind. 

In the present paper, the term “Alfvén wave” is adopted to depict the plasma and related magnetic 
fluctuations with a Walén slope |Rw| = 1. This kind of waves is also called pure (unidirectionally 
propagating) Alfvén waves. Another term “Alfvénic fluctuation” is used to describe propagating 
fluctuations with | Rw| < 1 in order to differentiate it from the term “Alfvén wave” . This kind of 
fluctuations can be interpreted as a mixture of outward- and inward-propagating Alfvén waves (Yang 
et al. 2016), based on which the Alfvénic fluctuations can be classified into dominant inward- and 
dominant outward-propagating ones if the amplitude ratio R,, of inward to outward Alfvén waves is 
larger or smaller than 1. In order to be consistent with previous studies, the term “Alfvén wave" is 
still used for convenience in this section although it is more accurate to use “Alfvénic fluctuations” to 
describe the observed plasma and magnetic variations from a physical point of view. In this paper, 
the Ulysses magnetic and plasma data are used to examine the radial variations of outward- and 


inward-propagating Alfvénic fluctuations in the solar wind. 


2. MODEL 


Yang et al. (2016) shows that the amplitude ratio R,, of the inward to outward Alfvén waves can 


be related to the Walén slope Ry by the following equations in the RTN coordinates, 


and 
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The Walén slope Rw is calculated from AV = Ru: ANA, and equals +1 for pure (unidirectionally 
propagating) Alfvén waves. Here AV and AV, are the time difference of the bulk and Alfvén 
velocities from satellite observations, which was proposed by Chao et al. (2014, the CHYL method 
hereafter). This method can better quantitatively estimate the Walén slope of Alfvénic fluctuations 
in the solar wind. From the amplitude ratio, R,,(cal), it is easy to get the related energy ratio of 
inward to outward Alfvén waves, i.e., e Je, = R,,(cal)*. Note that the calculated ratio R,, (cal) is 
obtained from Rw, which is determined by the observed AV and AV 4. 
We define the ratio R., (obs), which is directly calculated from satellite observations, as 


rms of AV ain 


HOE) = OE AV ak 


Here rms means the root mean square values for AV Ain and AV Aout, 


AV gc = AVE = Svarat AV aout = -AV out = AMAY (for Bg > 0) (4) 
and 
AN, LAN AN, — AV 
Eet SE AVain=—AVin = A (for Bue, 1 


The subscripts “in” and “out” denote inward and outward wave propagation directions. 

For a complete description of the superposition model of inward- to outward-propagating Alfvén 
waves in the solar wind, readers are referred to our recent work on this topic (Yang et al. 2016). 
The work presented observational evidence for the relationship between Walén slope, Ry, and the 
amplitude ratio, R,,(cal), of inward to outward Alfvén waves to explain the subunity Walén slope 
of Alfvénic fluctuations in the solar wind, and showed that the values of R,,(cal) are closer to true 


values and smaller than R,,(obs) for dominant outward-propagating Alfvénic fluctuations. 


3. DATA AND METHODOLOGY 


The plasma and magnetic field data of Ulysses mission (Wenzel et al. 1992) will be used to study 
the radial variation of Alfvénic fluctuations in the solar wind. The time resolution of plasma data 
(including the bulk velocity, the proton number density) is either 4 or 8 minutes due to different 


operating modes. The magnetic field data are 1-minute averaged. 
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We follow the same procedure of Bavassano et al. (2000b) to select the events for Alfvénic fluctua- 
tions in order to compare our results with theirs directly. Firstly, averages over 4 or 8 minutes of the 
magnetic field data are taken to get the corresponding magnetic vector with respect to the time of 
the plasma data. The combined magnetic and plasma data give the Alfvén velocity V 4 for further 


selecting Alfvénic events. 
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Figure 1. The Ulysses heliocentric distance (r), latitude (O), and longitude (4) in an inertial heliographic 
coordinate system versus time from mid 1992 to mid 1997. Thick bars indicate the polar wind regions to be 


studied. Same as part of Figure 1 in Bavassano et al. (2000b). 


Secondly, relatively homogeneous and steady flow regions are selected on a daily basis (i.e., 24 
hour duration). To reduce the effects of nonsteady plasma flows and other processes (e.g., shear 
and compression effects) in the solar wind, the rejected hourly data intervals are those with large 
changes in the number density N or the magnetic field magnitude B (i.e., the related relative standard 
deviations of N and B for each day are above given thresholds). The selection can effectively exclude 
the strongest disturbances, ensuring that the selected sample is more likely Alfvénic than the original 
one. Although there is no constraint on the velocity-magnetic field correlation in Bavassano et al. 


(2000b), we have checked that if we only select the events with a correlation coefficient 7 0.6, the 
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results will not change dramatically. The selected two periods in polar regions are represented in 
Figure 1 by thick bars and will be used for further analysis of Alfvénic fluctuations therein. The 
left bar denotes the southern passage (the heliographic latitude O < 0), and the right bar denotes 
the northern one (O > 0). For more detailed information of the data selection for the two periods, 
interested readers are referred to Bavassano et al. (2000b). 

Thirdly, averages over 0.1 AU of the hourly means of R,, or e Je, are used to study the radial 
variation of the Alfvénic fluctuations. The investigated heliocentric distance is in the range of 1.4— 
4.3 AU. Owing to little difference of solar wind fluctuation properties between the northern and 
southern hemispheres (i.e., Bavassano et al. 1999, 2000b), we will analyse together the observations 
from both hemispheres. 

Finally, in addition to the above criteria mentioned by Bavassano et al. (2000b), one more criterion 
is adopted in the present paper, that is, only cases with 0 < R,, < 7 are selected based on the 
parameters from Yang et al. (2016). The number of other cases are too small (~ 3% of all events 
selected from the method of Bavassano et al. (2000b)) to obviously affect the statistical results 
although some subtle qualitative difference does exist. Here it should be noted that, in most cases, 
we use the mean value of a specific parameter of interest to discuss the radial variation of Alfvénic 


fluctuations in the solar wind, unless otherwise stated. 
4. RESULTS 


The selected two periods of Ulysses observations are 1993/10/01-1995/01/31 and 1995/04/01/— 
1996/08/19 when the solar wind was relatively homogeneous and steady. The corresponding helio- 
centric distance is 1.4—4.3 AU. One event duration is one hour. The total number of selected events 
for further analysis is 21739. The number ratio of dominant inward to dominant outward Alfvénic 
fluctuations is about 11.396 for the whole sample, that is, the fraction of the dominant fluctuations 
accounts for ~ 10.2% of the total (outward and inward) Alfvénic duration. For Alfvén wave events 
in the solar wind, we have | Rw| < 1 and R,, > 0 (Yang et al. 2016). 

Two typical events from Ulysses observations are shown in Figure 2 for dominant (a) outward and 


(b) inward Alfvénic fluctuations in the solar polar winds, with the wave amplitude ratio R,, « 1 and 
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Figure 2. Solar wind velocity (Vg, Vr, Vy), Alfvén velocity (VAr, Var, Van), the magnetic field intensity 
(|B|), and proton number density (N) in Radial-Tangential-Normal (RTN) coordinates for dominant (a) 
outward and (b) inward Alfvénic fluctuations observed by Ulysses. Related differences in the velocity (AV) 


vs. those in Alfvén velocity (AV 4) are plotted in panels (c) and (d), respectively. 


R,, > 1, respectively. They have common characteristics of Alfvén waves, i.e., relatively constant |B| 


and density N and well correlated V and B. The related Walén slopes are subunity (i.e., | &w| < 1) 
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for all three components of V and B, which can be explained by the superposition of outward- and 
inward-propagating Alfvén waves with an amplitude ratio R,, calculated from Equations (1) or (2). 
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Figure 3. (a) Radial variation of the amplitude ratio (R,,) of inward to outward Alfvén waves and (b) 
scatter plot of observed R,, (obs) vs. calculated R,,(cal) from Ulysses observations in the selected time 


periods shown in Figure 1. 


Figure 3 shows that R,,(obs) is larger than R,,(cal) when inward Alfvén waves are not dominant 
(e.g., R,, (cal) < 0.5) at heliocentric distances smaller than ~ 3 AU, and close to R,,(cal) when 
both wave amplitudes are comparable (e.g., R,,(cal) > 0.5) at a larger distance (> 3 AU). This 
result is consistent with Yang et al. (2016). They showed that R,,(obs) > R,,(cal) for dominant 
outward Alfvénic fluctuations due to the presence of non-Alfvénic noise and R,, (cal) is closer to the 
true value of R,, than R,,(obs). Both R,,(cal) and R,, (obs) increases with heliocentric distance r, 
indicating the gradually increasing contribution or generation of inward Alfvén waves through some 
instabilities or other physical mechanisms. The properties of the variation of R,, are consistent with 
previous studies on this topic (e.g., Roberts et al. 1987a,b; Bavassano et al. 2000b; Li et al. 2016). 

The radial variation of the energy ratio RK . (obs) shown in Figure 4(a) is similar to the results 
of Bavassano et al. (2000b), which confirms the validity of the application of the CHYL method 


(Chao et al. 2014) in the studies for identifying Alfvénic fluctuations in the solar wind. As mentioned 
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Figure 4. Radial variations of (a) energy ratio (e_/e, = R2,) of inward to outward Alfvén waves from 


Bavassano et al. (2000b, denoted by B2000), observed R? (obs), calculated HRZ, (cal), and (b) the median 


and the mean of RŽ (cal). 
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Figure 5. Distributions of R,, and R} for dominant (a) outward and (b) inward Alfvénic fluctuations, 


where R,, is the amplitude ratio of inward to outward Alfvén waves. 


earlier, R,,(cal), derived from observed Walén slope based on Equation (1) or (2), is more accurate 
than R,,(obs). The values of R? (cal) can be half or less of those by Bavassano et al. (2000b) 


or R? 4 (obs) obtained here at smaller heliocentric distances (< 3 AU), and closer to or approaches 
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the previous results at larger heliocentric distances (> 3 AU). The features for this difference are 
due to different radial behaviour of the energy ratio R7, (or e./e,) presented by the two studies. 
Bavassano et al. (2000b) found two different regimes of the Alfvénic fluctuation variations at different 
heliocentric distances, that is, inside about 2.5 AU the energy ratio e. /e, exists a rising trend with 
the heliocentric distance r, and beyond the distance the ratio becomes almost constant (~ 0.5) with 
r. However, in the present work, the variation of wave energy ratio R; (cal) (or e_/e,) shows an 
obvious monotonically increasing trend with r. The basic reason for the different trends is that we 
use Equations (1) or (2) to get the wave energy ratio RŽ, (ie., R2, (cal)) while Bavassano et al. 
(2000b) used the perturbed quantities for calculating the wave energy ratio, similar to RZ, (obs). It 
has been shown that R? (cal) is more accurate than R? (obs) (Yang et al. 2016). The radial variation 
of R? (obs) in Figure 4(a) is similar to those by Bavassano et al. (2000b). It is likely that the values 
of R? (cal) in our results are closer to realistic physical processes in the solar wind than those of 
Bavassano et al. (2000b) and those of R% (obs) in our results. 

The radial variations of the median and the mean of R? (cal) in Figure 4(b) are different at different 
heliocentric distances r. Inside ~ 3 AU, both radial variations of RŽ (cal) are similar, but in the 
larger distances (r > 3 AU), the difference between the median and the mean is increasing with r. 
The mean R? (cal) can be two times or more that of the relevant median at about 4 AU, indicating 
the existence of some extremely large values of R? (cal) and hence the existence of purely inward- 
propagating Alfvén waves. Both median and mean show an increasing trend with r, and the mean 
values have a steeper rate with r than the median ones. The increase in R7, (cal) with r implies the 
increasing contribution beyond the observed site or the local generation of inward Alfvén waves. In 
addition, the distribution of the median RŽ, (cal) with r is more compact than that of the relevant 
mean. 

Figure 5 shows the count of dominant outward Alfvénic fluctuations and the count of dominant 
inward ones as a function of R,, and R4, respectively. The dominant outward (inward) fluctuation 
distribution in Figure 5(a) (Figure 5(b)) peaks at the range of R., (R32) from 0.2 to 0.4, which means 


that the amplitude of inward (outward) Alfvén waves accounts for 20-40% of that of outward (inward) 
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zi waves and that the peak fraction is 40.3% (30.3%) of all outward (inward) fluctuation events. The 
212 count then gradually decreases with R,, in both dominant inward and outward fluctuation events. 
a3 Besides, the distributions of R,, and Rọ} are different for the two kinds of fluctuations, respectively. 
214 The count of highly pure Alfvén wave events (0 € R,, « 0.2) with an outward propagation sense 
as in Figure 5(a) accounts for 25.5% of all the dominant outward fluctuation events, while the count of 
as ` highly pure Alfvén wave events (0 € R3} < 0.2) with an inward one in Figure 5(b) accounts for only 
217 5.696 of all the dominant inward fluctuation events. Similarly, for a comparable amplitude ratio, the 
218 dominant outward fluctuation events with 0.8 < R,, < 1.0 account for only 3.2% of all the dominant 
219 outward fluctuation events, but the dominant inward fluctuation events with 0.8 « R} < 1.0 account 
220 for 18.8% of all the dominant inward fluctuation events. The features of these distributions may relate 


221 to the physical properties of the outward and inward Alfvénic fluctuations in the solar wind. 
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Figure 6. Radial variations of the duration ratio (Rr) of dominant inward to all Alfvénic fluctuations from 


Ulysses, Wind, and Voyager 2 observations. The Wind and Voyager 2 results are taken from Li et al. (2016). 


222 Ulysses observations of Alfvénic fluctuations in Figure 6 indicate that the duration ratio Rr of 
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heliocentric distance r, showing a different variation trend from Wind and Voyager 2 observations 
(Li et al. 2016). At smaller heliocentric distances (< 3 AU), Rr based on Ulysses observations is 
similar to that from Wind and Voyager 2 results, but at larger heliocentric distances (> 4 AU), the 
variation of Rr with r based on Ulysses observations is about two or more times that from Voyager 
2 observations. 

There are two possible reasons that may have contributed to the difference between the results 
from Ulysses and Voyager 2 at larger heliocentric distances. Firstly, Voyager 2 in the investigated 
period from 1977 to 1979 was in the ecliptic plane inside 6 AU, while Ulysses was mainly in the polar 
wind regions for selected periods (see Figure 1). The occurrence of outward and inward Alfvénic 
fluctuations may be different in the polar and ecliptic regions due to different evolution mechanisms 
of solar wind fluctuations or the interactions with different magnetic structures therein. Secondly, 
different phases of a solar cycle can also make the difference. The time periods selected for Voyager 2 
were in the rising phase of one solar cycle, but those selected for Ulysses were in another solar cycle’s 
declining phase. Solar activity levels of different phases in a cycle are different, which may give rise 
to the solar wind with different populations of dominant outward and inward Alfvénic fluctuations. 
Further studies on this difference are needed in the future to clarify these issues. Here we only present 
new observational features of radial variation of Alfvénic fluctuations in the solar wind based on the 
Walén slope (i.e., Equations (1) and (2)). 

The occurrence rates of dominant inward and outward Alfvénic events with heliocentric distance 
r show different variation trends in Figure 7. The occurrence of dominant outward fluctuation 
events monotonically decreases with r but that of dominant inward ones monotonically increases with 
r, implying the increasing local generation of inward-propagating Alfvén waves, mixing with some 
dominant outward-propagating ones. The inward-propagating waves may be excited by the reflection 
or damping of outward Alfvén waves via nonlinear interactions with static magnetic structures or 
some plasma parametric instabilities in the solar wind. Another point is that, in the heliocentric 


distance of 1.4-2 AU, the occurrence rate of dominant outward fluctuation events can be at least 
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Figure 7. Occurrence rates of dominant inward (black dots) and outward (red dots) Alfvénic fluctuations 


observed by Ulysses at different heliocentric distances. 


3.9 times that of inward ones, consistent with the predominance of previously observed outward- 
propagating Alfvénic fluctuations in the solar wind (see the review by Yang & Chao 2013). 

In Figure 7, the duration of one count (or one event) is 1 hour. The occurrence rate of dominant 
outward fluctuation events is estimated to be ~ 20 per day near 1 AU, accounting for 83% of a day 
in average, comparable to 75% estimated by Denskat et al. (1981), higher than 55% estimated by 
Belcher & Davis (1971), 39% by Denskat & Burlaga (1977), and 64.8% by Shi et al. (2015), and much 
higher than 22% by Roberts et al. (1987b) and 596-1096 by Riley et al. (1996) in different samples 
from different satellite observations. These different occurrence rates (or time fractions) of Alfvénic 
fluctuations can be affected by various factors such as the event duration selected, the selection 
criteria of Alfvénic fluctuations, and the instrument sampling rate. These factors are considered to 
be carried out in our future work. Our study shows that the occurrence of Alfvénic fluctuations in 
the solar wind is higher than previously estimated. 

From the trend in Figure 7, it is expected that dominant outward Alfvénic fluctuations will have a 
higher occurrence rate at a heliocentric distance r « 1 AU and a lower occurrence rate at r > 4 AU. 


For dominant inward Alfvénic fluctuations, the opposite variation of the relevant occurrence rate is 
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expected. Accordingly the amplitude ratio or the energy ratio of inward to outward Alfvén waves 
will be expected to become smaller at r < 1 AU and larger at r > 4 AU (see Figures 3 and 4 for 
the variation trend). And so does the duration ratio of inward Alfvénic fluctuations to all Alfvénic 


fluctuations in Figure 6. 


5. SUMMARY AND CONCLUSIONS 


Using Walén analysis for the superposition of outward- and inward-propagating Alfvén waves (Yang 
et al. 2016), we investigated the radial variations of dominant outward and inward Alfvénic fluctu- 
ations observed by Ulysses in the heliocentric distance of 1.4-4.3 AU. The main results can be 
summarized as follows. 

1. For dominant outward Alfvénic fluctuations, the observed amplitude ratio R,, (obs) of inward 
to outward waves from direct decompositions is larger than or comparable to R,,(cal) calculated 
from Walén slope in Equations (1) or (2), which is expected by Yang et al. (2016). The increases in 
both R,,(cal) and R,, (obs) with heliocentric distance r imply the gradually increasing contribution 
or generation of inward Alfvén waves via plasma instabilities or some other physical mechanisms, 
consistent with previous observations. 

2. The similarity of the radial variation of the energy ratio RZ (obs) (or e /e,) (Figure 4(a)) 
between our work and Bavassano et al. (2000b) confirms the validity of the CHYL method (Chao 
et al. 2014) applied for identifying Alfvénic fluctuations in the solar wind. But R,,(cal), derived 
from Equations (1) or (2), is closer to the true value of R,, than R,,(obs) (Yang et al. 2016). The 
values of R2 (cal) can be half or less of those obtained by Bavassano et al. (2000b) or RK (obs) at 
r « 3 AU, and closer to or approaches their results at r > 3 AU. Another important point in the 
present work is that R? (cal) monotonically increases with r. Since R,,(cal) is more accurate than 
R,, (obs) in the measurement of the amplitude ratio, our results may be considered more realistic 
than those of Bavassano et al. (2000b). 

3. The peak in the distribution of R,, (R34) for dominant outward (inward) fluctuations in Fig- 


ure 5(a) (Figure 5(b)) suggests that the amplitude of inward (outward) Alfvén waves account for 
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20-40% of that of outward (inward) waves, which may be relevant to various physical properties of 
Alfvénic fluctuations in the solar wind. 

4. In comparison with Wind and Voyager 2 observations (Li et al. 2016), the duration ratio Rr 
of dominant inward to all Alfvénic fluctuations increases monotonically with r, and is about two or 
more times that from Voyager 2 observations at r > 4 AU (see Figure 6). These differences may be 
caused by different spacecraft locations and different solar activity levels. 

5. The occurrence rate of dominant outward fluctuation events is ~ 20 per day near 1 AU, account- 
ing for 83% of a day in average (Figure 7), higher than previously estimated values due to various 
factors such as the event duration selected, the selection criteria of Alfvénic fluctuations, and the 
instrument sampling rate of different satellites. 

Finally, we expect that dominant outward Alfvénic fluctuations will have a higher occurrence rate 
at r < 1 AU and a lower occurrence rate at r > 4 AU. For dominant inward Alfvénic fluctuations, 
we would expect the opposite variations. Similarly, the amplitude ratio R,, and the duration ratio 
Rr will be anticipated to be smaller at r < 1 AU and larger at r > 4 AU (Figures 3 and 6). These 
results have important implications for the variations of solar wind fluctuations and reveal several 
new qualitative and quantitative features of Alfvénic fluctuations therein compared with previous 


studies. 
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